The cloud point extraction behavior of aluminum(III) with 8-quinolinol (HQ) or 2-methyl-8-quinolinol (HMQ) and Triton X-100 was investigated in the absence and presence of 3,5-dichlorophenol (Hdcp). Aluminum(III) was almost extracted with HQ and 4(v/v)% Triton X-100 above pH 5.0, but was not extracted with HMQ-Triton X-100. However, in the presence of Hdcp, it was almost quantitatively extracted with HMQ-Triton X-100. The synergistic effect of Hdcp on the extraction of aluminum(III) with HMQ and Triton X-100 may be caused by the formation of a mixed-ligand complex, Al(dcp)(MQ)2.
Introduction
Liquid-liquid extraction is one of the most useful methods for the separation and preconcentration of metal ions. However, this technique has some restrictions and drawbacks due to the use of toxic and flammable organic diluents. Recently, cloud point extraction has been an attractive subject as an alternative to liquid-liquid extraction. [1] [2] [3] [4] Upon heating an aqueous solution containing many non-ionic and zwitterionic surfactants above a temperature defined as the cloud point, such a solution becomes turbid and forms a two-phase system: a surfactant-rich phase and an aqueous phase containing a few micelles. Some hydrophobic compounds can be concentrated in a small volume of a surfactant-rich phase. Cloud point extraction as a preconcentration method has many advantages, such as low cost, safety, and simple procedure.
The synergistic extraction of metal ions has been extensively studied using various acidic chelating extractants and neutral ligands in the liquid-liquid extraction system. 5, 6 In our laboratory, we have clarified the synergistic effect of 3,5-dichlorophenol (Hdcp) on the extraction of metal-chelates in detail. [7] [8] [9] [10] [11] [12] Although synergism is important to enhance the extraction efficiency and to separate the metal ions, there is little application to cloud point extraction.
In this study, the synergistic cloud point extraction behavior of aluminum(III) using 8-quinolinol derivatives (HA), such as an 8-quinolinol (HQ) and 2-methyl-8-quinolinol (HMQ), and Hdcp from a weakly acidic solution was investigated.
Experimental

Reagents
HQ and HMQ (Kanto Chemical Co. Ltd.) were recrystallized twice from ethanol. Triton X-100 was purchased from Aldrich. An aluminum(III) solution was prepared by the dilution of a metal standard solution (Kanto Chemical Co. Ltd.) for atomic absorption spectrometry with a dilute perchloric acid solution. Hdcp (EP, Wako) was purified by sublimation. Water was doubly distilled and further purified with Milli-Q (Millipore) equipment. An acetate buffer was used to adjust the pH. All other chemicals were of analytical reagent grade, and were used without further purification.
Cloud point extraction procedure
A Triton X-100 aqueous solution containing metal ions, acetate buffer, and HA or a mixture of them and Hdcp was taken in a test tube with a glass stopper. After standing for 10 min, the solution was heated in a thermostated water bath. After the resulting turbid solution was cooled at about -10˚C for 20 min in a freezer, an aqueous solution was poured into a test tube. The aqueous solution was subjected to the analysis of aluminum(III) by an inductively coupled plasma atomicemission spectrometer (ICP-AES, Nippon Jurrell Ash ICAP-575).
For measurements of the absorption spectra, the surfactant rich phase was diluted with water. The resulting solution was then supplied to absorption spectral measurements of aluminum(III)-HA complexes. The volume of the surfactantrich phase after the phase separation was measured by using a graduated cylinder instead of a test tube. The concentration of Triton X-100 and HA and the pH value were changed in the range of 1.0 -10.0 (v/v)%, 1.86 × 10 -4 -1.00 × 10 -3 mol dm -3 , and 2.1 -5.8, respectively. The ionic strength was kept constant at 0.1 mol dm -3 with NaCl. The pH measurements were performed by a Radiometer PHM93 pH meter.
Results and Discussion
Extraction behavior of aluminum(III) with HA in the absence of Hdcp Figure 1 shows the cloud point extraction behavior of aluminum(III) (1.86 × 10 -5 mol dm -3 ) with a HA (HQ and HMQ) (1.00 × 10 -3 mol dm -3 ) aqueous solution containing 4(v/v)% Triton X-100. Aluminum(III) was almost extracted with HQ above pH 5.0. In the HMQ system, white precipitation appeared in the aqueous phase above pH 4.5. Based on an absorption spectral measurement of the surfactant-rich phase, it was found that aluminum(III) was not extracted with HMQ in the surfactant-rich phase because of a steric hindrance of the methyl group at the 2-position of HMQ. 13 Hence, a more detailed investigation on the extraction behavior of aluminum(III) was carried out using HQ and Triton X-100.
The effects of the heating time and the temperature on the cloud point extraction of aluminum(III) with HQ using a 4(v/v)% Triton X-100 solution at pH 5.8 were investigated in the range of 10 -60 min and 70 -80˚C, respectively. The extraction percentage (%E) of aluminum(III) reached up to 95% after 25 min, and was almost independent of the heating temperature, as listed in Table 1 . However, the volume (Vs) of the phase-separated surfactant-rich phase decreased along with an increase of the heating temperature. Therefore, a higher value of the preconcentration factor (F) was attained at a higher heating temperature, where F is defined as the aluminum(III) concentration in the surfactant-rich phase divided by the initial aluminum(III) concentration.
To determine the composition of the extracted aluminum(III)-HQ complex, the mole ratio method was carried out by heating at 75˚C for 30 min at pH 5.5 (Fig. 2) . The HQ concentration was changed from 1.86 × 10 -5 to 9.80 × 10 -5 mol dm -3 with a constant aluminum(III) concentration (1.86 × 10 -5 mol dm -3 ). When the mole ratio of aluminum(III) to HQ was above 3, the value of %E was constant, suggesting that aluminum(III) should be extracted as AlQ3 in the surfactant-rich phase. The scatter of the data below 3 with respect to the mole ratio of aluminum(III) to HQ may result from the precipitation of an aluminum(III) hydroxide in the aqueous phase. Figure 3 shows the effect of the surfactant concentration on %E and F of aluminum(III) with HQ and Triton X-100 by heating at 75˚C for 30 min at pH 5.8. Upon increasing the Triton X-100 concentration, the value of %E somewhat increased. On the other hand, that of F greatly decreased with an increase in the Triton X-100 concentration due to the increase of Vs. Because the heating temperature was higher, the viscosity of the surfactant-rich phase was higher, suggesting that water molecules in the surfactant-rich phase decreased by heating at the higher temperature. This result indicates that the heating temperature greatly affects the preconcentration efficiency of aluminum(III) with HQ and Triton X-100 in the cloud point extraction.
Extraction behavior of aluminum(III) with HA in the presence of Hdcp
The synergistic effect of Hdcp on the cloud point extraction of aluminum(III) with HA and Triton X-100 was studied in the presence of 0.01 mol dm -3 Hdcp. As mentioned above, aluminum(III) was hardly extracted with HMQ and Triton X-100 in the surfactant-rich phase. Aluminum(III), however, was almost quantitatively extracted with HMQ and Triton X-100 in the surfactant-rich phase upon the addition of 0.01 mol dm -3 Hdcp (Fig. 1) . The absorption spectrum of aluminum(III)-HMQ-Hdcp complex extracted in the surfactant-rich phase exhibited an absorption band around 335 nm, indicating that aluminum(III) should be extracted as an aluminum(III)-HMQHdcp complex. On the other hand, the synergistic effect of Hdcp on the cloud point extraction of aluminum(III) with HQ and Triton X-100 was not observed. Moreover, it was confirmed that aluminum(III) was hardly extracted with 0.01 mol dm -3 Hdcp alone at pH 5.2.
Previously, we reported on a synergism of Hdcp in the extraction of aluminum(III) with HQ and HMQ in a chloroform/water system. In the HQ system, this synergistic effect of Hdcp was explained based on the formation of association complexes, such as AlQ3·nHdcp (n = 1 -3), by the hydrogen bonding between AlQ3 and Hdcp in the organic phase. 8 However, in the HMQ system, it was ascribed to the formation of an inner-sphere complex, Al(dcp)(MQ)2, in an aqueous phase and an outer-sphere complex, Al(dcp)(MQ)2·Hdcp, in the organic phase. 10 The association between metal chelates and Hdcp through hydrogen bonding in the organic phase is significantly influenced by the presence of water due to hydration of the chelates. 8 This fact suggests that the association complexes through hydrogen bonding are difficult to be formed in the surfactant-rich phase containing many water molecules. Therefore, the enhancement of the extraction of aluminum(III) with HMQ in the surfactant-rich phase upon the addition of Hdcp may be caused by the formation of Al(dcp)(MQ)2.
A more effective extraction of aluminum(III) was achieved in the HQ-Triton X-100 system than in the HMQ-Hdcp-Triton X-100 system. However, HMQ is a useful analytical reagent available for the separation and determination of many metal ions in the presence of aluminum(III). Therefore, the proposed synergistic cloud point extraction may be applied to the selective preconcentration of aluminum(III) after the separation of other metal ions with HMQ-Triton X-100.
In conclusion, the results of this work clarify the effect of some experimental factors, such as the heating time and temperature, the pH value, and the concentrations of HQ and Triton X-100, on the cloud point extraction of aluminum(III) with HQ and Triton X-100. In addition, the synergism of Hdcp on the cloud point extraction of aluminum(III) with HMQ and Triton X-100 was found. The preconcentration of aluminum(III) should be improved by changing the concentration of the surfactant and chelating agent. The proposed method can be applied to an effective simple pretreatment for several analytical techniques, such as atomic absorption spectrometry (AAS), inductively coupled plasma atomic emission spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS).
